To address the significant challenges associated with large volume change of micron-sized Si particles as high-capacity anode materials for lithium-ion batteries, we demonstrated a simple but effective strategy: using Si nanoparticles as a structural and conductive additive, with micron-sized Si as the main lithium-ion storage material. The Si nanoparticles connected into the network structure in situ during the charge process, to provide electronic connectivity and structure stability for the electrode. The resulting electrode showed a high specific capacity of 2,500 mAh/g after 30 cycles with high initial coulombic efficiency (73%) and good rate performance during electrochemical lithiation and delithiation: between 0.01 and 1 V vs. Li/Li + .
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To meet the future demands of portable electronics, electric vehicles, and renewable energy storage, tremendous efforts have been devoted to the development of high-performance lithiumion batteries (LIBs) with high specific energy and long cycle life. [1] [2] [3] [4] [5] Silicon (Si) appears to be an attractive candidate for lithium-ion batteries because it delivers 10 times greater theoretical (~4,200 mAh/g) specific capacity than that of a traditional graphite anode (~370 mAh/g). 6, 7 However, the widespread application of silicon materials has remained a significant challenge because of the large volume changes during lithium insertion and extraction processes, particularly when using bulk or micron-sized silicon particles. 8, 9 This large volume change causes cracking and pulverization of silicon, which leads to loss of the electrical contact and drastic capacity fading. [10] [11] [12] To address this challenge, various strategies have been explored, and significant progress has been made. Among these efforts, nanostructured Si materials exhibit promising possibilities because of their ability to alleviate mechanical strain induced by volume change. 13 It has been demonstrated that chemically synthesized Si nanostructures, including nanowires, 8, 14 nanocrystals, 15 nanotubes, 16, 17 nanospheres, 18, 19 core−shell nanofibers, 20,21 nanoporous materials, 22, 23 and Si/carbon nanocomposites 24 showed superior performance compared to bulk Si.
However, although mechanical fracture does not take place in Si nanostructures below critical sizes, 15 decreasing particles or grain size is not practical to solve the mechanical instability issue associated with lithium alloy because the movement of Si nanostructures and the detachment from the conducting environment can still be observed due to large volume change during longterm battery cycling. 8, 12, [25] [26] [27] [28] [29] [30] In addition, nanoparticles have huge gravimetric specific surface area, in the range of 50 m 2 /g. The volumetric change during lithiation and delithiation creates huge change in active material surface during cycling. Undesirable side reactions due to high surface area at low potential leads to continued capacity fading in Si nanoparticle-based electrode. 31, 32 Other disadvantages, such as low volumetric capacity due to poor packing of nanoparticles, are also of concern. The recent attempt to develop an clamped Si structure that minimizes the contact between the electrolyte and renewing Si surface has led to excellent cycling stability of Si electrode. 50, 51 Micron-sized Si particles have small gravimetric specific surface area, in the range of 0.5 m 2 /g, which is advantageous to minimize side reactions induced by surface area changes. The synthesis of micron-sized crystalline Si particles is also more cost effective compared to nanoparticle Si, and therefore easier to scale up for mass manufacture. It has been demonstrated that one way to use micron-sized crystalline Si is to partially convert micron-sized crystalline Si particles to lithiated amorphous Si during initial conditioning cycles and then the two-phase lithiated amorphous/ unlithiated crystalline silicon structure was maintained by cycling them with a lower voltage limit in the following cycles . 33 Zhang and his co-workers used a two-step process to convert micrometer porous Si to chemical vapor deposition (CVD)-coated Si surface and pores, then used conductive, chain-like feature of Ketjenblack (KB) carbon additives to maintain the conductivity. 34 Cui and his co-workers used interconnected micron-sized silicon hollow nanospheres as LIB anodes and observed long cycle life (700 cycles) with high specific capacity (2725 mAh/g). 19 The same group also used amorphous silicon as an inorganic glue to replace the conventional polymer binder, which enabled both nano-and micron-sized silicon to be stably cycled over 200 cycles with 800 mAh/g capacity. 46 However, both methods involved CVD steps at high temperature.
Another strategy is to take advantages of both materials by the combination of nano-and micron-sized materials. Several approaches have been developed: encapsulating nanomaterials with the microshell, 31, 35 coating a nanosized layer on micron-sized materials, 36 and growing 1D nanowires on the surface of micron-sized active materials. [37] [38] [39] In addition, there is now recognition of the critical role of the polymer binders in maintaining the structure for Si electrodes and thereby enabling them to achieve repeatable LIB operation. [47] [48] [49] We recently developed conductive polymer binders which showed good electrochemical performance when used in an Si nanoparticle-based anode for LIBs. 40, 45 However, when one type of this polymer binder Poly(9,9-dioctylfluorene-co-fluorenone-co-methylbenzoic ester) (PFM) was applied to micron-sized Si particles, fast fading was still observed due to the mechanical degradation of the Si electrode during cycling. Similarly, this has been demonstrated when using the conventional polymer binder PVDF in prior works. Herein we report a new strategy: by simply adding small amount of nanosized Si (n-Si) as an additive, along with the advantages of the conductive polymer binder, we are able to apply low-cost and low-specific-area micron-sized silicon particles (m-Si) into lithium-ion battery anodes with high specific capacity and significantly improved cycle life.
This system offers three advantages over conventional pure micron-sized silicon-, AB-, and PVDF-based electrodes: (1) The in situ formed n-Si and m-Si 3D network takes advantage of the high surface area of small-sized n-Si, thereby significantly alleviating the huge stress created by m-Si during the lithiation and delithiation process. It has been proven that small enough materials can relax the stress and therefore help to overcome pulverization. 8, 12, 13, 15, [25] [26] [27] [28] [29] [30] (2) This network works like three-dimensional cross-linked advanced polymer binders, which have been shown in literature to help confine the Si particles in place, with higher resistance to strainparticularly non-recoverable deformation. 49 (3) Using a novel conductive polymer binder PFM over the insulating PVDF to replace the nonbonding acetylene black is another advantage of this system. 40 All these three aspects play an indispensable role in this system's success.
During the first lithiation process, both m-Si and n-Si particles become a lithiated alloy, soften, and expand in size. The mechanical compression between the lithiated Si particles causes the softened particles to touch and eventually connect covalently into a nanosized-network structure around the m-Si particles. The network structure can prevent further compression of the electrode and retain the conductive polymer binders around the m-Si particles. This structure feature also allows the mechanical strain induced by volume change from m-Si to relax, 5 therefore preventing severe electrode breakdown and fast capacity fading ( Fig. 1 ). Figure 1a shows the schematic presentation of composite anode electrode using m-Si, the conductive polymer binder PFM and conductive additive acetylene black (AB). AB is nanosized conductive additive used in lithium-ion batteries since its early days. 41 While AB is used in the electrode, it does not contribute to energy storage and acts as a "passive" conductivity enhancer to facilitate electron transport from the active materials to the current collector, which improves electrode power capability. However, because AB has no mechanical binding force to either the Si or the conductive polymer binder PFM, during the large volume expansion of any individual m-Si particles (which is in cube micrometer range) both AB and polymer binders tend to be pushed away from the m-Si particles, leading to a void space or gap between the m-Si particles and the conductive network, leading to broken electrical connections. To maintain conductivity and power capability, a relatively large amount of AB needs to be added, which reduces the volumetric and gravimetric lithium-ion storage capacity. 2, 11 In contrast, when AB is replaced with n-Si particles, as shown in Fig. 1b , n-Si tends to self-assemble on the surface of m-Si and form a new 3D network structure with m-Si during the lithiation process. This network forms physical connections between m-Si and helps to draw polymer binder back and holding the integrity of the electrodes during the large volume extraction process of delithiation. To the best of our knowledge, such a strategy has not been reported for m-Si in lithium-ion batteries before, and its facile and scalable features would benefit the research community, which is focusing on highperformance lithium-ion batteries with high specific energy and long cycle life at low cost.
It has been known that m-Si-based lithium-ion batteries fail in a few cycles due to the pulverization and fatigue of the electrode arising from stresses generated by the huge volume change of Si associated with the insertion and extraction of lithium. 22 Similar results of composited electrode m-Si/AB/PFM were obtained, as shown in Fig. 2a . The anode was composited of 50% 4.6 µm of m-Si, 20% AB, and 30% PFM in mass ratio. Lithium was used as counter electrode. The mass loading for only m-Si was about 0.16 mg/cm 2 , and m-Si/n-Si was 0.23 mg/cm 2 . Other submicron-or micron-sized Si, including 200-400 nm and 0.8 µm Si under different mass ratio, were also tested and showed similar improved performance under this optimized composition.(see Fig. S1 a-f in supplemental information for more details) As shown in Fig.2a , cycling of m-Si/AB/PFM started at high lithiation capacity but faded quickly to nearly 0 within five cycles, with large initial irreversible capacity. In contrast, as n-Si replaced AB (Fig. 2b) , a high discharge capacity with only a small decrease was observed within five cycles with a high initial coulombic efficiency of 73%. More significantly, the charge capacity retention was kept up to 75% over 30 cycles.
To explore the mechanism behind the superior performance of n-Si when replacing AB, we dissembled cells after five cycles for each composition and rinsed the electrodes with EC/DEC 1:1 and DMC solvents, respectively, then washed them with chloroform. In this way, the dissolvable polymer binder, the residue electrolyte, and most of the soluble form of the SEI layer were washed away and the rest of the structure components, such as Si and AB, were kept. Fig. 3d shows the m-Si/AB/PFM electrode after five cycles of charge/discharge, and washed as described above.
Isolated m-Si particles with no physical connections to the electrode were observed in the electrode, similar to the pristine m-Si SEM image (Fig. 3a) . However, when the AB was replaced with n-Si, the m-Si exhibited a fluffy structure which was formed by in situ-connected n-Si particles on its surface (Figs. 3e, 3f, 3h ).
Li and his co-workers observed the distorted and destroyed Si bonds in Si nanowires during lithium insertion, but when the lithium was extracted by same method from Si nanowires, some distorted and interrupted bonds will be rebonded, so a local, ordered structure formed in the Li-doped Si nanowires. 42 They demonstrated that when the distance between neighboring Si columns is close enough in a double-pattern microcolumn electrode, each Si column is expanded and merge together to form new regular hole-like patterns during lithium insertion and extraction. 43 Therefore, the fluffy network structure of m-Si/n-Si is most likely the new Si-Si structure, due to the formation of bonds between m-Si particles and n-Si particles. To further verify this proposed new structure, focused ion beam (FIB) experiments were carried out in an FEI Quanta 3D FEG 200/600 model microscope containing both scanning electron microscope (SEM) and focused ion beam (FIB). The sample was sputtered with ~100 nm gold film then deposited upon carbon tape by pressing the m-Si containing substrate onto a piece of carbon film. A typical particle was chosen for investigation and the appropriate beam current was applied to cut it in half, to show the cross section (see Experimental details in Supporting Information and Fig. 3g ). As in Fig. 3g , the main particle was the host m-Si, and n-Si was strongly bonded to the m-Si surface, as can be seen in the cross section of this structure. In addition, minor cracks in the m-Si can also be observed, due to volume expansion after cycles, but the main shape was well maintained (see Fig. S2a , b for different magnification and vision angle).
Nanosized alloy particles tend to agglomerate together during electrochemical cycling. This was explained by decreasing the high surface energy of the nanoparticles. It has also been shown that the agglomerate occurs in both n-Si and m-Si particles and that serious irreversible agglomeration is not favorable to achieving good capacity retention. 43, 44 Adding n-Si particles into m-Si based electrodes as additives helps to prevent a severe agglomeration of m-Si particles due to in situ connected n-Si particles on their surface. The in situ-formed network structure significantly releases the stress induced by large volume change of the m-Si during the lithium insertion/extraction process. The electrode composited by this network will retain higher porosity compared to a pure m-Si electrode, due to self-assembled n-Si on m-Si, and therefore enhance the cycle stability and rate capacity dramatically.
The rate performance of m-Si/n-Si/PFM composite electrodes were also tested, as shown in Fig. 4 . Over 80% of capacity was maintained at a 1C charge rate, and only about a 100 mV higher average discharge potential than that of the C/25 discharge rate was observed. This further confirmed that the delithiation of the Li and Si alloy is a facile process, and that it can support a high rate of discharge of Si anode-based batteries.
In summary, we described a facile but effective strategy utilizing micron-sized silicon materials as anodes for lithium-ion batteries. By simply adding nanosized silicon into micronsized silicon particles, n-Si tends to self-assemble on the surface of m-Si and form a conductive 3D network during battery operation. The resulting composite electrode showed a significantly improved electrochemical performance, including a highly reversible Li storage capacity, good cycling performance, good rate performance, and high initial coulombic efficiency. The entire fabrication process is scalable and does not involve expensive silicon growth steps. 
